Nuclei migrate during many events, including fertilization, establishment of polarity, differentiation, and cell division. The Caenorhabditis elegans KASH protein UNC-83 localizes to the outer nuclear membrane where it recruits kinesin-1 to provide the major motor activity required for nuclear migration in embryonic hyp7 cells. Here we show that UNC-83 also recruits two dynein-regulating complexes to the cytoplasmic face of the nucleus that play a regulatory role. One consists of the NudE homolog NUD-2 and the NudF/Lis1/Pac1 homolog LIS-1, and the other includes dynein light chain DLC-1, the BicaudalD homolog BICD-1, and the Egalitarian homologue EGAL-1. Genetic disruption of any member of these two complexes caused nuclear migration defects that were enhanced in some double mutant animals, suggesting that BICD-1 and EGAL-1 function in parallel to NUD-2. Dynein heavy chain mutant animals also had a nuclear migration defect, suggesting these complexes function through dynein. Deletion analysis indicated that independent domains of UNC-83 interact with kinesin and dynein. These data suggest a model where UNC-83 acts as the cargospecific adaptor between the outer nuclear membrane and the microtubule motors kinesin-1 and dynein. Kinesin-1 functions as the major force generator during nuclear migration, while dynein is involved in regulation of bidirectional transport of the nucleus.
Introduction
A wide variety of cell and developmental processes, including establishment of polarity, fertilization, cell division, and cell migration, depend on actively positioning the nucleus to a specific location within the cell (Burke and Roux, 2009; Starr, 2007 Starr, , 2009 . A failure in proper nuclear positioning leads to a wide variety of developmental defects and diseases. For example, the nuclear anchorage genes Syne-1, 2 (Nesprin-1, 2) have been linked to the pathogenesis of an autosomal recessive cerebellar ataxia, Emry-Dreifuss muscular dystrophy, and the premature aging disease Hutchinson-Gilford progeria (Gros-Louis et al., 2007; Kandert et al., 2007; Zhang et al., 2007) . In addition, a nuclear migration defect in the developing brain causes lissencephaly, a severe mental retardation disease (Morris et al., 1998) . Despite the importance of nuclear migration in development and disease, a detailed mechanistic understanding of nuclear migration remains unclear in most cases.
The connection between the cytoskeleton and the nuclear envelope is essential for moving the nucleus. Microtubules, actin filaments, and intermediate filaments have all been implicated in nuclear positioning (Starr, 2009) . Microtubules are required for nuclei to migrate and remain evenly spaced in Aspergillus during hyphal growth (Xiang and Fischer, 2004) . Dynein and many of its associated regulatory proteins, including Lis1 and NudE, were discovered to play an important role in this nuclear migration (Efimov and Morris, 2000; Xiang et al., 1995) , although it is still unknown how and where dynein is acting to move the nucleus. Dynein is also required for nuclear migration in radially migrating neurons (Tsai et al., 2007; Zhang et al., 2009) . During migration, the centrosome moves at a constant rate towards the leading edge of the cell while the nucleus moves in a salutatory manner behind it. Dynein attached to the nuclear envelope may be responsible for providing a pulling force on centrosomal microtubules to help move the nucleus (Tsai et al., 2007; Zhang et al., 2009) . Thus, in different nuclear migration events, dynein plays different roles in multiple cellular locations and the exact role of dynein in most examples remains unknown.
The cytoskeleton is linked to the nuclear envelope by the SUN (Sad1 and UNC-84) and KASH (Klarsicht, ANC-1, and Syne Homology) families of proteins (Starr, 2009; Wilhelmsen et al., 2006) . SUN proteins are targeted to the inner nuclear membrane and recruit KASH proteins to the outer nuclear membrane through a direct interaction between the SUN and KASH domains in the perinuclear space (Crisp et al., 2006; McGee et al., 2006; Padmakumar et al., 2005) . The cytoplasmic domains of KASH proteins are then free to interact with the cytoskeleton and perform a variety of functions, including nuclear positioning (Starr, 2009; Wilhelmsen et al., 2006) . In the nuclear envelope bridging model of how these proteins function, SUN and KASH proteins span both membranes of the nuclear envelope and Developmental Biology 338 (2010) [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] transfer forces from the cytoskeleton to the nuclear lamina (Starr, 2009) . For example, the Caenorhabditis elegans KASH protein ZYG-12 and SUN protein SUN-1 function during pronuclear migration by coupling the centrosome to the nuclear envelope. An interaction between ZGY-12 and dynein mediates attachment of centrosomes to the nuclear envelope, which is essential during pronuclear migration and nuclear positioning in the gonad (Malone et al., 2003; Minn et al., 2009; Zhou et al., 2009) .
In C. elegans, hyp7 embryonic hypodermal precursor cells provide an excellent model system for studying the mechanism of nuclear migration. During embryogenesis, left and right groups of dorsal epithelial cells intercalate, and their nuclei migrate contralaterally across the length of the hyp7 cell (Fig. 1A) . These cells subsequently fuse, forming the dorsal hypodermal syncytium and the nuclei are positioned laterally (Sulston et al., 1983; WilliamsMasson et al., 1998) . Hyp7 nuclei are easily scored and used to assay the severity of nuclear migration defects. Mutations in unc-84 or unc-83 disrupt hyp7 cell nuclear migration, resulting in nuclei that are mispositioned to the dorsal cord of L1 larvae ( Fig. 1 ) (Horvitz and Sulston, 1980; Malone et al., 1999; McGee et al., 2006 ; Table 2 for details and statistics. Starr et al., 2001) . UNC-83 is a KASH protein that localizes to the outer nuclear membrane and interacts in the perinuclear space with UNC-84, a SUN protein of the inner nuclear membrane (McGee et al., 2006) . Together UNC-83 and UNC-84 bridge the nuclear envelope to transfer forces for nuclear migration from the cytoskeleton to the nuclear lamina. However, the molecular mechanisms of how UNC-83 interacts with the cytoskeleton to generate and coordinate forces during nuclear migration are poorly understood.
To elucidate a mechanism of UNC-83-mediated nuclear migration, we sought to identify binding partners of the large cytoplasmic domain of UNC-83 using a yeast two-hybrid screen. From the screen, we identified several microtubule motor regulating proteins. We recently demonstrated that UNC-83 functions to recruit kinesin-1 to the nuclear envelope (Meyerzon et al., 2009) . Mutations in the kinesin-1 light chain klc-2 cause a nuclear migration phenotype similar to unc-83 mutant alleles, suggesting that kinesin-1 provides the major forces to move nuclei (Meyerzon et al., 2009 ). Here we focus on the interaction between UNC-83 and dynein. Mutations in dynein components lead to a weaker nuclear migration defect, suggesting that dynein plays a regulatory role during hyp7 nuclear migration.
Materials and methods
C. elegans strains, genetics, and phenotypic analysis C. elegans were cultured using standard conditions (Brenner, 1974) . The Bristol N2 strain was used for wild-type and to generate all other strains. The null allele unc-83(e1408) was described previously (Horvitz and Sulston, 1980; Starr et al., 2001) . The sterile allele dhc-1(js121) was from the GFP-balanced stock NM2040 (Koushika et al., 2004) , which allowed us to quantify the dhc-1(js121) nuclear migration phenotype in a double blind study. The nud-2(ok949) and bicd-1(ok2731) alleles were generated by the International C. elegans Gene Knockout Consortium (www. celeganskoconsortium.omrf.org). The bicd-1(tm3421) allele was supplied by Shohei Mitani (National Bioresource Project at the Tokyo Women's Medical University). bicd-1(tm3421) was backcrossed four times to him-8(e1489) males. The deletion was followed by PCR as described (Ahringer, 2006) . Since bicd-1 (tm3421) was lethal when homozygous, it was balanced over nT1 [qIs51](IV;V) from strain RB1276 to make strain UD268. Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the NIH National Center for Research Resources (NCRR). Transgenic lines were created by standard DNA microinjection techniques using odr-1::rfp as a transformation marker (Mello et al., 1991; Sagasti et al., 2001) . Nuclear migration in embryonic hyp7 precursor cells was scored by counting hyp7 nuclei in the dorsal cord of L1 larvae using DIC optics as in (Starr et al., 2001 ).
Molecular cloning of plasmids
To clone the yeast two-hybrid bait construct, codons representing residues 137-692 encoded by the unc-83c cDNA yk230e1 were amplified by PCR. The PCR product was fused in-frame to the Gal4 DNA-binding domain (BD) of the pDEST32 vector by Gateway cloning (Invitrogen) to create the bait construct pSL320.
Constructs used to test interactions by directed yeast twohybrid were created with Gateway technology (Invitrogen). The sequences encoding full-length DLC-1, full-length NUD-2, NUD-2(1-260), NUD-2(239-293), , , and UNC-83c(362-692) were amplified by PCR with attB1 and attB2 overhangs and cloned into pDONR221 with BP clonase (Invitrogen). These sequences were then cloned in frame to both Gal4-AD in pDEST22 (prey) and Gal4-DB in pDEST32 (bait) vectors with LR clonase (Invitrogen). The BICD-1(253-737) construct used was the prey plasmid pulled out of the UNC-83 yeast two-hybrid screen.
GFP transcriptional fusions were cloned as in (Boulin et al., 2006) . Specifically, 3.5 kb genomic DNA upstream of the predicted nud-2 ATG and 5.9 kb upstream of the bicd-1 predicted ATG was amplified by PCR with overhanging restriction sites and cloned into the HindIII and BamHI sites or PstI and BamHI sites of pPD96.04, respectively (from the Fire lab vector kit, Addgene, Cambridge, MA).
Constructs encoding fusion proteins for in vitro interaction assays were cloned as follows. For GST-DLC-1, full-length dlc-1 cDNA was amplified by PCR with the appropriate overhanging restriction sites and cloned into the BamHI and EcoRI sites of pGEX-2T (GE Healthcare, Piscataway, NJ) to create pSL292. A portion of cDNA encoding BICD-1(227-737) was amplified by PCR with the appropriate restriction sites and cloned into the BamHI site of pGEX-2T to create a GST-BICD-1 fusion protein (pSL294). Fulllength nud-2 cDNA was amplified by PCR with the appropriate overhanging restriction sites and cloned into the PvuI and SacI sites of pGEX-2T to create a GST-NUD-2 fusion protein (pSL246). cDNA encoding NUD-2(239-293) was amplified by PCR with MfeI and BamHI overhanging restriction sites and cloned into the EcoRI and BamHI sites of pGEX-2T to create a GST-NUD-2(239-293) fusion protein (pSL424). Full-length egal-1 cDNA was amplified by PCR with the appropriate overhanging restriction sites and cloned into the BamHI and HindIII sites of pMAL-c2 (New England Biolabs, Ipswich, MA) to create an MBP-EGAL-1 fusion protein (pSL396). cDNA encoding residues 1-698 of UNC-83c were used in the MBP-UNC-83 fusion construct (pDS31; (Starr et al., 2001) .
Fusion proteins were made for raising antibodies against BICD-1 and NUD-2. The sequence encoding BICD-1(301-546) was amplified from the ORFeome cDNA (Reboul et al., 2003) and cloned into the BamHI site of pGEX-2T or the BamHI and SalI sites of pMAL-c2. Fulllength NUD-2 was amplified by PCR from yk1417c08 (gift of Y. Kohara, National Institute of Genetics, Japan) with the appropriate overhanging restriction sites and cloned into the EcoRI and BamHI sites of pGEX-2T or pMAL-c2.
Clones were made to express C. elegans proteins in mammalian tissue culture cells. cDNAs encoding UNC-83cΔKASH(1-698) and UNC-83c full length were cloned into the XhoI site of pCS2+MT (Rupp et al., 1994) to create pSL446 and 451, respectively. Full-length cDNA encoding NUD-2 was cloned into the SalI and BamHI sites of pEGFP-c3 (BD Biosciences) to create pSL461.
The UNC-83 cytoplasmic domain deletions were constructed in the minimal unc-83 rescuing construct pDS22, a 10.5-kb EagI-to-HpaI genomic fragment of cosmid W01A11 in pBS (Starr et al., 2001 ) using the DNA SOEing PCR technique (Springer Protocols).
Yeast two-hybrid
A yeast two-hybrid screen with the cytoplasmic domain of UNC-83 as bait was performed using the ProQuest system (Invitrogen). The bait construct pSL320 (coding for residues 137-692 of UNC83c) was transformed into yeast strain AH109 (MATa, gal4Δ , gal80Δ, LYS2∷GAL1 UAS -GAL1 TATA -HIS3, GAL2 UAS -GAL2 TATA -ADE2, URA3∷MEL1 UAS -MEL1 TATA -lacZ, MEL1) (Clontech). As a control, we showed that when the bait pSL320 was co-transformed with the pEXP-AD control vector, it did not selfactivate the reporters. Larger portions of the UNC-83 cytoplasmic domain in the bait construct self-activated the reporters (data not shown). The ProQuest C. elegans mixed stage partial cDNA library made with an oligo-dT primer and directionally cloned to the Cterminus of the yeast Gal4 transcriptional activation domain (AD) (Invitrogen) with 5 × 10 6 to 1 × 10 7 clones was transformed into the AH109 plus pSL320 bait strain. Protein-protein interactions between bait and prey were identified by activation of the HIS3 reporter gene by growth on SD-trp-leu-his dropout plates supplemented with 50 mM 3-amino-1,2,4-triazole. Approximately 1200 positives were identified from ∼ 1.4 × 10 7 clones screened. All of the positives were re-streaked and tested for activation of the lacZ reporter gene by X-gal colony-lift filter assays (Clontech). In this strain, the lacZ reporter is relatively weak; most assays were done to test activation of the HIS3 reporter. Thus, in subsequent experiments, interactions were determined by activation of the HIS3 reporter. Prey plasmids were isolated from 126 colonies (Ausubel, 1987) that activated both reporter genes. After sequencing, the 126 colonies represented 45 different genes (Table 1) . Many directed two-hybrid assays were performed with the various baits and prey constructs cloned as above. All bait constructs failed to activate reporters when transfected with a control prey vector. AH109 yeast were transfected with both prey and bait and interactions were tested for as above.
RNAi experiments
We tested, using RNAi, whether any of the non-essential twohybrid positives might play a role in hyp7 nuclear migration (Table 1 ; Kamath et al., 2003; Sonnichsen et al., 2005) . dsRNA was injected into the gonad of adult hermaphrodites . Injected worms were moved to fresh plates 24 h after injection. L1 progeny on the new plates from at least five different injected worms were scored for a failure in hyp7 nuclear migration by counting the number of hyp7 nuclei found abnormally in the dorsal cord (Starr et al., 2001) . Of the 23 non-essential genes tested, only bicd-1(RNAi) and nud-2(RNAi) caused a nuclear migration phenotype (Table 2 and data not shown). Doublestranded RNA (dsRNA) was synthesized in vitro from PCR products with T7 promoter overhangs using T7 RNA polymerase (Promega) following established protocols (Ahringer, 2006) . The source of the template for the dsRNA synthesis varied (Supplemental Table 1 ).
To determine the role of genes essential for embryonic development in nuclear migration, dsRNA was introduced by the feeding method (Timmons and Fire, 1998) . For the dlc-1(RNAi), lis-1(RNAi), dhc-1(RNAi), and dnc-1(RNAi) experiments, N2 animals were fed for 12 h bacteria expressing dsRNA from the Ahringer RNAi feeding library (Supplemental Table 1 ; Kamath et al., 2003) .
Characterization of bicd-1 locus
The bicd-1 open reading frame was determined by completely sequencing the cDNA C43G2.2 from the ORFeome project (Reboul et al., 2003) . The 5′ and 3′ ends of the bicd-1 transcript were identified using the FirstChoice RLM-RACE kit (Ambion). The 3′ RACE product had an alternative splice site that removed the last three amino acids of exon 9 as compared to the ORFeome cDNA. The breakpoints of ok2731 transcript and the identification of a cryptic splice site in exon 6 were determined by RT-PCR. RNA was made using the RNeasy kit (QIAGEN) and RT-PCR was performed using primers in exons 3 and 7 of bicd-1 with SuperScriptIII reverse transcriptase and Platinum Taq DNA polymerase (Invitrogen). In vitro and in vivo interaction assays pGEX-2T (GE Healthcare) was used to express GST and pMAL-c2 (New England Biolabs) was used to express MBP. Fusion proteins were expressed in E. coli strain BL21 codon plus (Stratagene) and purified on glutathione sepharose 4B beads (GE Healthcare) or amylose resin (New England Biolabs) and washed of any excess protein in PBS. An excess of purified MBP or UNC-83/MBP was added to beads already bound to GST or GST-fusion proteins with crude E. coli BL21 extract (10 mg/ml) in PBS + 10% glycerol. Binding reactions were incubated for 3 h at 4°C. Beads were washed in PBS five times. Bound protein was boiled off the beads in 2× SDS sample buffer and analyzed by SDS-PAGE and Coomassie blue stain.
To express C. elegans UNC-83cΔKASH(1-698) or full-length UNC-83c with NUD-2∷GFP in mammalian tissue culture cells, HeLa cells were transiently tansfected using 6 μl of lipofectamine (Invitrogen) and 0.5 μg of plasmids pSL461 and either pSL446 or pSL451 per ml of media. Extracts were made and incubated with 2 μl anti-GFP antibodies per ml of extract (Yang et al., 1999) ; the NUD-2 complex was purified on protein A beads (Thermo Scientific). UNC-83 was detected by western blot with mouse monoclonal 9E10 anti-myc antibody (1/1000) (Developmental Studies Hybridoma Bank, University of Iowa) and NUD-2 with rabbit polyclonal antibody NB600-308 against GFP (1/1000) (Novus Biologicals). Goat anti-mouse HRP and goat anti-rabbit HRP (Jackson ImmunoResearch) diluted 1/10,000 were used as secondary antibodies.
Antibodies and immunofluorescence
To raise polyclonal BICD-1 antibodies, two rats were injected with GST-BICD-1(301-546) purified fusion protein. To raise polyclonal NUD-2 antibodies, two guinea pigs were injected with MBP-NUD-2 fusion protein. To raise polyclonal antibodies against the cytoplasmic domain of UNC-83, a rat was injected with MBP-UNC-83 fusion protein. All fusion proteins were purified as above. Animals were injected and cared for by Brett Wilkins and staff at the Laboratory of Comparative Pathology at the School of Veterinary Medicine at UC Davis. Crude serum against UNC-83 was tested for specificity by immunofluorescence as in (Starr et al., 2001) . Crude sera against NUD-2 and BICD-1 (at a dilution of 1/5000) were tested for specificity by western blot of wild-type and mutant worm extract as in (Meyerzon et al., 2009 ). Anti-MBP-NUD-2 serum from guinea pig C was affinity purified against GST-NUD-2 and anti-GST-BICD-1(301-546) serum from rat C was affinity purified against MBP-BICD-1(301-546), using Affi-Gel 15 beads according to the protocol supplied by the manufacturer (BioRad).
For immunofluorescence, late embryos were extruded from slightly starved hermaphrodites, permeabilized by the freeze-crack method, fixed for 10 min in − 20°C methanol, and blocked in PBST (phosphate-buffered saline + 0.1% Triton X-100) + 5% dry milk (Miller and Shakes, 1995) . The fixed specimens were stained as described (Miller and Shakes, 1995) . Primary NUD-2 and BICD-1 antibodies were diluted 1/500 (crude) or 1/10 (purified) in PBS. Crude UNC-83 rat "H" polyclonal antibody was diluted 1/1000 in PBS. Cy3-conjugated donkey anti-rat IgG and Cy3-conjugated donkey anti-guinea pig (Jackson ImmunoResearch, West Grove, PA) diluted 1/200 in PBS were used as secondary antibodies. DNA was visualized by a 10-min stain in 1 μg/ml of 4,6-diamidino-2-phenylindole (DAPI) in PBS.
HeLa cells tranfected as above were fixed with 3.7% paraformaldehyde in PBS and permeabilized with 0.2% PBST. Mouse monoclonal 9E10 anti-myc antibody (Developmental Studies Hybridoma Bank, University of Iowa) was used at a 1/500 dilution. Rabbit polyclonal antibody NB600-308 against GFP was used at a 1/500 dilution (Novus Biologicals). Cy3 goat anti-mouse IgG and Cy2 goat anti-rabbit IgG (Jackson ImmunoResearch) diluted 1/200 were used as secondary antibodies. DNA was visualized with DAPI.
Results

Identification of UNC-83-interacting proteins
UNC-83 is essential for nuclear migration in many developmental events (Horvitz and Sulston, 1980; McGee et al., 2006; Starr et al., 2001 ), but its molecular mechanism remains unknown. To identify UNC-83-interacting proteins, we performed a yeast two-hybrid screen with the cytoplasmic domain of UNC-83. The bait consisted of amino acids 137-692 of UNC-83c (Fig. 2) , which does not include the trans-membrane or KASH domains (Meyerzon et al., 2009) . Expression of the UNC-83c(137-692) bait with an empty prey vector did not activate the HIS3 or LacZ reporters (Fig. 2) . Larger UNC-83 bait constructs self-activated the reporters (data not shown). We identified 45 different potential interacting partners that activated both the HIS3 and lacZ reporter genes ( Fig. 2; Table 1 ). Thirty-one of the 45 different hits were only identified one or two times. Since the library was not normalized, these could represent rare transcripts. However, many are likely false-positive interactions (Yu et al., 2008) .
The most exciting candidate interacting proteins were the four proteins previously shown to regulate the microtubule motors dynein and kinesin-1 (Table 1) . We recently established a role for KLC-2 and the kinesin-1 heavy chain UNC-116 in nuclear migration (Meyerzon et al., 2009 ). Here we focus on the three dynein regulators identified in our screen, BICD-1, NUD-2, and DLC-1, and their roles in UNC-83-mediated hyp7 nuclear migration. As a control for the UNC-83 yeast two-hybrid interactions with BICD-1, NUD-2, and DLC-1, the bait and prey were switched. The BICD-1 bait self-activated the reporters and was not further examined. Both NUD-2 and DLC-1 bait constructs Fig. 2 . BICD-1, NUD-2, and BICD-1 interact with UNC-83 in a yeast two-hybrid screen. A schematic of full-length UNC-83c and the portion used as bait in the two-hybrid screen (residues 137-692) is shown at top. Bottom left panel shows activity of the HIS3 reporter assayed by yeast growth on minimal media minus Trp, Leu, and His supplemented with 50 mM 3-AT. Successive ten-fold dilutions are shown. All combinations of bait and prey grow on minimal media minus Trp and Leu (middle). Activity of the LacZ reporter is shown in an X-gal assay (right). For all data shown here, the UNC-83c(137-692) fused to the DNA-binding domain of Gal4 was used as bait. For prey constructs fused to the activation domain of Gal4, the empty vector pEXP-AD, BICD-1(253-737), or full-length NUD-2 and DLC-1 were used. interacted with UNC-83 prey in the two-hybrid system (data not shown).
Defects in BICD-1 and NUD-2 act synergistically to disrupt nuclear migration
To test the functional significance of the yeast two-hybrid interaction between UNC-83 and the three dynein regulators, we assayed nuclear migration in hyp7 precursor cells from mutant animals (Fig. 1, Table 2 ). In unc-83(e1408) null animals, about 87% of nuclear migrations in hyp7 cells fail and the hyp7 nuclei end up in the dorsal cord of L1 larvae, as compared to 0% in wild-type (Figs. 1A-C , G) (Horvitz and Sulston, 1980; Starr et al., 2001) . We tested whether the depletion of dynein regulators affected hyp7 nuclear migration. Both bicd-1(RNAi) and nud-2(ok949) animals had a small but significant number of nuclei in the dorsal cord (Figs. 1D , E, G; Table 2 ).
In animals homozygous for the nud-2(ok949) deletion allele, which starts at the predicted ATG of nud-2 and deletes the entire open reading frame except the last part of the last exon, 1.2% of hyp7 nuclei failed to migrate (Table 2; Figs. 1D, G) . Although this phenotype was relatively weak as compared to unc-83 or kinesin-1 mutants, animals were observed with two hyp7 nuclei in their dorsal cord (a 14% failure), which was never seen in wild-type, suggesting a true nuclear migration defect. It is possible that a small peptide consisting of the C-terminal 33 residues is still expressed in nud-2(ok949) animals and provides some function. We therefore performed RNAi experiments in both wild-type and ok949 backgrounds. Both RNAi treatments resulted in phenotypes similar to nud-2(ok949) alone ( Table 2 ), suggesting that we are observing the null nud-2 phenotype. NUD-2 is the C. elegans homologue of NudE, which was originally identified in Aspergillus and Neurospora from nuclear distribution mutant screens (Efimov and Morris, 2000; Minke et al., 1999) and has subsequently been characterized as a key regulator of dynein function in several systems (Liang et al., 2004; Morris, 2000; Sasaki et al., 2000; Stehman et al., 2007) .
The C. elegans gene bicd-1 (previously named C43G2.2) has not been described previously, but is homologous to Drosophila BicaudalD (BicD). We characterized the bicd-1 cDNA by sequencing the ORFeome RT-PCR product (Reboul et al., 2003) and performing 5′ and 3′ RACE (Supplemental Fig. 1 ). Drosophila BicD functions with dynein to position nuclei in the oocyte and photoreceptor cells (Houalla et al., 2005; Swan et al., 1999) .
In C. elegans bicd-1(RNAi) animals, 5% of the hyp7 nuclei failed to migrate properly, significantly more than in wild-type (p b 0.0001; Table 2 , Figs. 1E, G). Up to three nuclei (21.4 %) were seen in the dorsal cord of individual animals. To confirm the bicd-1(RNAi) phenotype, we analyzed two deletion alleles of bicd-1. RT-PCR of bicd-1(ok2731) showed that exon 4 was spliced in frame to a cryptic splice site in the middle of exon 6 and encodes a protein with a 68 residue deletion (Supplemental Figs. 1 and 2) . Not surprisingly, bicd-1(ok2731) did not cause a significant hyp7 nuclear migration phenotype (Table 2) . bicd-1(tm3421) deletes exon 7, causing a frame shift and a premature stop codon 11 residues into exon 8 (Supplemental Fig. 1) , suggesting that bicd-1(tm3421) is a likely null. bicd-1(tm341) caused embryonic lethality. Since there was no lethality seen in our RNAi studies and because neurons are known to be resistant to RNAi (Tavernarakis et al., 2000) , the lethal phenotype of bicd-1(tm3421) is likely the result of a neuronal defect. bicd-1(tm3421) was balanced and the rare homozygous bicd-1(tm34231) animals that hatched had a 5.7% defect in nuclear migration (n = 10), indicating that the RNAi phenotype represents a strong loss-of-function effect on hyp7 nuclear migration (Table 2) .
To confirm that BICD-1 and NUD-2 were expressed at the time of hyp7 nuclear migration, GFP reporter constructs of the bicd-1 and nud-2 promoters were engineered and expressed in transgenic animals. Both reporter constructs were expressed in a subset of cells including the hyp7 precursors during the time of nuclear migration (Figs. 3A, B) , consistent with them functioning through UNC-83 during hyp7 nuclear migration. We were unable to confirm the expression patterns by raising antibodies against NUD-2 and BICD-1 (Supplemental Fig. 2 ). Dynein regulators are likely to bind to multiple cargos throughout the cytoplasm. Furthermore, the volume of hyp7 cells at the time of nuclear migration is very small, compounding the difficulty localizing a ubiquitous protein to the nuclear envelope.
To test whether bicd-1 and nud-2 were partially redundant, we performed double mutant analysis. The weak bicd-1(RNAi) and nud-2 (ok949) phenotypes were significantly enhanced; an average of 14.2% of hyp7 nuclei failed to migrate (n = 171) and a maximum of 42.9% of nuclei failed to migrate in one bicd-1(RNAi);nud-2(ok949) animal (Table 2; Figs. 1F, G). These data, along with the data below, suggest that NUD-2 and BICD-1 are functioning in separate pathways or complexes during hyp7 nuclear migration.
Disruption of dynein leads to a nuclear migration defect
BICD-1 and NUD-2 homologs have been shown in other systems to function by regulating dynein (Liang et al., 2004; Morris, 2000; Sasaki et al., 2000; Stehman et al., 2007) . We therefore examined whether genetic disruptions of dynein heavy chain (dhc-1) cause a hyp7 nuclear migration phenotype similar to those observed in bicd-1 and nud-2 mutant animals. In C. elegans, dhc-1 is an essential gene for pronuclear migration and early embryonic development (Gonczy et al., 2000) . Therefore, it is not possible to observe a dynein null phenotype. However, homozygous dhc-1(js121) animals are sterile and 4.6% of hyp7 nuclei fail to migrate (n = 20; Table 2 and Figs. 4C, E) . In support of this, dhc-1 RNAi experiments also produced hyp7 nuclear migration defects. dsRNA was fed to mothers and progeny laid after 12 h of exposure to the dsRNA were analyzed. This allowed observation of a small window of viable progeny with only a partial loss of dhc-1 gene product. Some of these dhc-1(RNAi) animals had multiple hyp7 nuclei in the dorsal cord (a 14-28% failure of migration), suggesting that dhc-1 also functions during hyp7 nuclear migration. These data are consistent with the hypothesis that BICD-1 and NUD-2 function through dynein to regulate hyp7 nuclear migration.
UNC-83 interacts with a complex containing BICD-1, DLC-1, and EGAL-1
In Drosophila, Egalitarian binds BicD and dynein light chain and together they regulate dynein (Mach and Lehmann, 1997; Navarro et al., 2004) . We therefore inquired whether the C. elegans homologue of Egalitarian (C10G6.1, which we named egal-1) functions in nuclear migration. egal-1(RNAi) animals had a small but significant nuclear migration defect where an average of 3%, and up to 21% in a single animal, of nuclei failed to migrate (Table 2; Figs. 4A, C). Double and triple mutant animals were examined to place egal-1 in either the bicd-1 or nud-2 pathway. The egal-1(RNAi) phenotype was enhanced to an average of 9.8% failed nuclear migration in egal-1(RNAi);nud-2 (ok949) animals (Table 2, Figs. 4B, C). egal-1(RNAi) did not show a synthetic relationship with bicd-1(RNAi) ( Table 2, Fig. 4C ), consistent with the data below showing EGAL-1 and BICD-1 interact and that double mutants of bicd-1 and egal-1 homologs in Drosophila are not stronger than single mutants (Mach and Lehmann, 1997; Navarro et al., 2004) . Alternatively, the double RNAi phenotype observed could have possibly been reduced due to interference from multiple dsRNA treatments done simultaneously (Piano et al., 2000) . Furthermore, triple bicd-1(RNAi);egal-1(RNAi);nud-2(ok949) animals were no more severe than the strongest double mutants (Table 2, Fig. 4C ). Thus, genetic analyses suggest that bicd-1 and egal-1 function in a pathway together and are partially redundant to a pathway with nud-2.
The C. elegans homolog of the LC8 dynein light chain (dlc-1) was also identified in our yeast two-hybrid screen (Table 1 ) and has been implicated in BicD and Egalitarian function (Navarro et al., 2004) . In C. elegans, dlc-1, like dhc-1, is an essential gene for pronuclear migration and early embryonic development (Gonczy et al., 2000) . A small portion of the L1 hatched from mothers fed dlc-1 dsRNA had nuclear migration phenotypes similar to those seen in bicd-1 or egal-1 mutants (Fig. 4D) .
Based on the genetic data presented above, we propose that BICD-1, EGAL-1, and DLC-1 function together in a complex that is recruited to the nuclear envelope by an interaction with UNC-83. To test this hypothesis and to map the interaction domains, directed two-hybrid and in vitro pull-down assays were performed. Although we were not able to further map the BICD-1 interaction domain of UNC-83 using directed yeast two-hybrid assays, we did determine that amino acids 362-692 of UNC-83c are sufficient for interaction with DLC-1 (Fig. 5A ). In addition, EGAL-1 interacted with both DLC-1 and BICD-1 but not UNC-83 in the yeast two-hybrid system (Fig.  5B) . All of these yeast two-hybrid interactions were confirmed by in vitro GST pull-down experiments. GST-DLC-1(full-length) and GST-BICD-1(227-737) expressed in E. coli and purified on glutathione beads were used to pull-down MBP-UNC-83 fusion protein. MBP-UNC-83c(1-698) (the full cytoplasmic domain) bound to both GST-DLC-1(full-length) and GST-BICD-1(227-737) (Fig. 5C ). Furthermore, an MBP-EGAL-1(full-length) fusion protein interacted with the GST-DLC-1(full-length) and GST-BICD-1(227-737) fusion proteins (Fig. 5D) . We therefore conclude that EGAL-1, BICD-1, DLC-1 and UNC-83 interact in a complex. 
UNC-83 interacts with a complex containing NUD-2 and LIS-1
Our genetic analysis predicts that the second complex to interact with UNC-83 and to regulate dynein contains NUD-2. lis-1, which is required for dynein-mediated pronuclear migration and early embryonic viability (Cockell et al., 2004) , has been shown to interact in vitro with NUD-2 (Locke et al., 2006) . LIS-1 homologs are wellcharacterized dynein regulators that have been shown to function to increase the processivity of dynein motor activity and to participate in nuclear positioning events in many model systems (Swan et al., 1999; Tsujikawa et al., 2007; Wynshaw-Boris, 2007; Xiang and Fischer, 2004) . The role of lis-1 in hyp7 nuclear migration was examined using the RNAi feeding method described above. As was the case for dlc-1 and dhc-1, lis-1(RNAi) displayed nuclear migration defects as was evident by the presence of nuclei in the dorsal cord (7-14% defective migration in some animals), suggesting a role for lis-1 in this process (Fig. 4F) . These data are consistent with the hypothesis that a complex consisting of at least NUD-2 and LIS-1 interacts with UNC-83 during nuclear migration.
Using directed yeast two-hybrid assays, we determined that amino acids 362-692 of UNC-83c are sufficient for interaction with NUD-2 (Fig. 6A) . The two-hybrid interaction was verified by in vitro GST pulldown experiments where GST-NUD-2(full-length) expressed in E. coli and purified on glutathione beads was able to pull-down MBP-UNC83c(1-698) fusion protein (Fig. 6B) . To further map the UNC-83 interaction domain of NUD-2, smaller pieces of NUD-2 were used in the directed yeast two-hybrid system. NUD-2(1-260), missing only the last 33 amino acids, failed to interact with UNC-83c (Fig. 6A) . Expression of NUD-2(239-293), which contains just the last 55 amino acids, restored the interaction with both UNC-83c(137-692) and (Fig. 6A) . These data were also verified by in vitro GST pull-down experiments. GST-NUD-2(239-293) expressed in E. coli and purified on glutathione beads was able to pull-down MBP-UNC83c(1-698) fusion protein (Fig. 6B) . Together, these data show that the very C-terminus of NUD-2 is necessary and sufficient for interacting with UNC-83.
To further confirm our in vitro and yeast two-hybrid interaction results and because immunolocalization of NUD-2 in C. elegans was uninformative, UNC-83 and NUD-2 were co-expressed in a heterologous mammalian tissue culture system and their localization patterns were examined. HeLa cells were transiently transfected with plasmids encoding a myc-tagged version of the cytoplasmic domain of UNC-83c and GFP-tagged NUD-2. Immunoprecipitation with the anti-GFP antibody pulled down myc-UNC-83ΔKASH (Fig.  7A ), confirming our results that UNC-83 interacts with NUD-2. These results were also supported by immunofluorescence studies of transfected HeLa cells. It was previously shown that C. elegans UNC-83 localizes to the outer nuclear membrane in transiently transfected mammalian tissue culture cells (McGee et al., 2006) . Here, the cytoplasmic domain of UNC-83c, with and without its transmembrane and KASH domains, was co-expressed with NUD-2 in HeLa cells. As expected, UNC-83 localized to the nuclear envelope in a KASH-dependent manner. Full-length UNC-83 recruited NUD-2 to the nuclear envelope (Figs. 7B, C) , but UNC-83ΔKASH did not (Fig. 7D ). These data demonstrate that UNC-83 recruits NUD-2 to the nuclear envelope through a direct interaction in vivo.
UNC-83 has independent interaction domains for dynein regulators and kinesin light chain Our two-hybrid and in vitro interaction assays suggested that KLC-2 and the dynein regulators NUD-2 and DLC-1 bind to different domains of UNC-83. KLC-2 bound to residues 137-362 of UNC-83c (Meyerzon et al., 2009 ) while both NUD-2 and DLC-1 bound to residues 362-692 (Figs. 5A, 6A ). The phenotypes of kinesin mutants, which were similar to the strong unc-83 defects, suggest that kinesin-1 provides the bulk of the force during hyp7 nuclear migration (Meyerzon et al., 2009) . Therefore, we hypothesized that deletion of . '+' indicates that an interaction was detected by growth on His dropout plates. All bait constructs alone, except UNC-83(1-130) and BICD-1 (253-737), failed to activate the reporters. In cases marked with the asterisk (⁎), only the UNC-83 constructs were used as baits because BICD-1 self-activated as bait. In the DLC-1 to UNC-83(1-130) test ( †), only DLC-1 was used as bait. In all other cases, bait and prey constructs were switched, and the indicated interactions occurred in both directions. All the DLC-1 constructs were full length. (C-D) Coomassie blue stained SDS-PAGE gels are shown to demonstrate interactions between GST-DLC-1 and GST-BICD-1(227-737) with both MBP-UNC-83c(1-698) (C) and MBP-EGAL-1 (D). In the first panel, 1% of the input proteins are shown. The second panel shows the proteins pulled down by beads with GST only. The third and fourth panels show MBP and MBP-UNC-83 or MBP and MBP-EGAL-1 fusion proteins pulled down by GST-DLC-1 or GST-BICD-1(227-737) beads.
the KLC-2 binding domain of UNC-83 should lead to a strong nuclear migration defect while deletion of the NUD-2-DLC-1 binding domain should lead to a more minor nuclear migration defect consistent with the nud-2 and bicd-1 phenotypes. To test the hypothesis, an in vivo deletion analysis of the cytoplasmic domain of UNC-83c was conducted.
Four overlapping deletions in the minimal unc-83c rescuing construct (McGee et al., 2006) were engineered and assayed for their ability to rescue the unc-83(e1408) hyp7 nuclear migration defect by counting the number of hyp7 nuclei in the dorsal cords of transgenic animals (Fig. 8) . In unc-83(e1408) mutants, 84.2 % of hyp7 nuclei were observed in the dorsal cord (n = 71) as compared to 0 % in wild-type (n = 30). Our wild-type minimal rescuing construct in the unc-83(e1408) background resulted in a partial rescue of hyp7 nuclear migration where averages of 5.0 to 33.6 % of hyp7 nuclei were observed in the dorsal cords of three independent transgenic lines (McGee et al., 2006) . Because of the variability of the partial rescue in independent lines, it was not possible to conclude rescue of the dynein-dependent phenotypes. UNC-83 deletion constructs were injected into unc-83(e1408) hermaphrodites. Both UNC-83cΔ12-196 and UNC-83cΔ171-362, which contain part of the KLC-2 interaction domain, failed to rescue the hyp7 nuclear migration defect (Fig. 8B) . Therefore, amino acids 12-362 of UNC-83c, the KLC-2 binding domain, were essential to UNC-83′s function in nuclear migration. UNC-83cΔ343-530 and UNC-83cΔ508-692, which contain the DLC-1 and NUD-2 binding domains, were able to partially rescue the unc-83 (e1408) nuclear migration phenotype (Fig. 8B) . To ensure that the transgenic lines expressed the deleted versions of UNC-83 and that it was targeted to the nuclear envelope, the UNC-83cΔ12-196 and UNC83cΔ171-362 transgenic lines were further examined for localization of UNC-83 by immunofluorescence (Figs. 8C-E) . The wild-type minimal rescuing construct expressed in unc-83(e1408) embryos localizes normally to the nuclear envelope of hyp7 precursors but is also expressed at extremely high levels in the cytoplasm of a large number of cells in the anterior half of the embryo (McGee et al., 2006) . In transgenic lines expressing (Fig. 8D ) and UNC83cΔ171-362 (Fig. 8E) , antibodies against UNC-83 localize normally to the nuclear envelope of hyp7 cells. We therefore conclude that the portion of UNC-83 encoded by aa343-692 that interacts with dynein regulators is not essential for nuclear migration, but instead plays an important regulatory role in the process, consistent with the phenotypes of dynein-regulatory-complex components.
Discussion UNC-83 is proposed to extend into the cytoplasm from the outer surface of the nucleus to attach the outer nuclear membrane to forcegenerating molecules in the cytoplasm during nuclear migration. Forces generated in the cytoplasm are transferred across the nuclear envelope to the structural components of the nuclear lamina through the SUN protein UNC-84 in the inner nuclear membrane (McGee et al., 2006; Starr et al., 2001) . However, the mechanisms of how forces are generated in the cytoplasm and transferred to the UNC-83-UNC-84 nuclear envelope bridge were unknown. We recently described how UNC-83 targets kinesin-1 to the outer surface of the nucleus where it provides the major forces to translocate the nucleus along microtubules in hyp7 cells (Meyerzon et al., 2009) . Here, we show that UNC-83 interacts with two complexes to recruit dynein to the surface of the nucleus where it regulates nuclear migration. In our model, UNC-83 functions to coordinate the major translocation forces generated by kinesin-1 and the regulatory roles of dynein at the nuclear envelope during migration (Fig. 9) .
UNC-83 recruits dynein to the nuclear envelope through two complexes
How microtubule motors are targeted to different cargos at different times during the development of a cell is poorly understood (Welte, 2004) . Even in different nuclear migration events, relative roles of different microtubule motors vary drastically. For example, contrast the mechanisms of UNC-83-mediated nuclear migration of hyp7 nuclei to the mechanisms of pronuclear migration in the newly fertilized embryo. Dynein is required at the nuclear envelope during pronuclear migration in the newly fertilized embryo where it functions to separate the centrosomes on the male pronucleus and to translocate the female pronucleus along microtubule asters (Gonczy et al., 1999; Reinsch and Gonczy, 1998) . No role for kinesin-1 has been demonstrated in pronuclear migration. Here and in Meyerzon et al. (2009) , we showed that dynein plays a regulatory role and kinesin-1 provides the major motor activity in hyp7 nuclear migration.
Since dynein plays different roles in pronuclear versus hyp7 nuclear migration, one would expect that different cargo adaptors be used to recruit dynein to the nuclear envelope at different developmental stages. The KASH protein ZYG-12, LIS-1, and dynactin function to target dynein to pronuclei (Cockell et al., 2004; Gonczy et al., 1999; Malone et al., 2003) while BICD-1, NUD-2, and EGAL-1 have no function in the one-cell zygote. However, dynactin and ZYG-12 do not apparently function during hyp7 nuclear migration, because dnc-1(RNAi) animals had no nuclei in the dorsal cord (data not shown) and ZYG-12 is not expressed after early embryogenesis (Malone et al., 2003) . Instead, UNC-83 interacted with two dynein-regulating complexes; one consisting of BICD-1, EGAL-1, and DLC-1 and a second that includes NUD-2 and LIS-1. Disruptions in either of these complexes led to weak nuclear migration phenotypes and simultaneous disruption of both led to slightly more severe defects. Although the hyp7 nuclear migration phenotypes reported here were much less severe than those in unc-83, unc-84, or klc-2 mutant animals, they were significant as compared to the wild-type background where zero nuclei were observed in the dorsal cord of L1 animals.
How the BICD-1/EGAL-1/DLC-1 and NUD-2/LIS-1 complexes interact with one another could have implications in the control of nuclear migration. The C-terminal 50 residues of NUD-2 were necessary and sufficient for interaction with UNC-83. The C-terminus of the mammalian NudE interacts with the dynein light chain (Stehman et al., 2007) . Thus, UNC-83 could regulate interactions where either NUD-2 or DLC-1 interacts with UNC-83 (Figs. 9B, C) . Perhaps both UNC-83 and the BICD-1/EGAL-1/DLC-1 complexes are needed to fully recruit the NUD-2/LIS-1 complex or vice versa. This would be consistent with the molecular and genetic data that the two complexes are partially redundant. Similar redundant mechanisms function to recruit dynein to mammalian kinetochores. For example, ZW10 functioning through dynactin and NudE interacting with the dynein light chain coordinate dynein targeting to the prophase kinetochore (Starr et al., 1998; Stehman et al., 2007) .
Dynein and its associated proteins have been shown to function in nuclear positioning in other systems. Nuclear migration is an important step in the development of the Drosophila eye disc. Additionally, in stage 8 of Drosophila oogenesis, the nucleus is repositioned from the posterior to a dorsal anterior position. Lis-1, BicD, Egl, and dynein are required for both of these nuclear positioning events (Swan et al., 1999; Swan and Suter, 1996) . Similarly, Pac1, the Lis1 yeast homolog, functions at the cortex of the bud to pull the nucleus from the mother cell into the bud neck . Instead of functioning at the cell cortex, the interactions described here between UNC-83 and dynein regulators support a model that dynein functions at the cytoplasmic surface of the nucleus during C. elegans hyp7 nuclear migration. These data once again highlight the importance of studying dynein in multiple systems, as its role varies in different nuclear migration events.
We were unable to clearly observe any of the dynein regulators at the surface of the nucleus during hyp7 nuclear migration. This was likely due to the facts that many different cargos utilize the dynein adaptors at any one time and because hyp7 cells are very small and embedded in tissue (Supplemental Fig. 2 ; Meyerzon et al., 2009 ). Nonetheless, we hypothesize that dynein does localize to the nuclear envelope at the time of nuclear migration. Dynein and LIS-1 are clearly enriched at the nuclear envelope in migrating pronuclei in the 1-cell embryo, which is much better suited for immunofluorescence localization (Cockell et al., 2004; Gonczy et al., 1999) . NudE also clearly localizes to the nuclear envelope of Drosophila spermatocytes, a large, easily isolated cell type, although the same group failed to detect NudE at the nuclear envelope in the much smaller larval neuroblasts (Wainman et al., 2009 ). Finally, we were able to recruit significant amounts of NUD-2 to the nuclear envelope in HeLa cells transfected with UNC-83. Thus, our model proposes that UNC-83 functions to recruit dynein to the outer surface of the nucleus during nuclear migration.
UNC-83 regulates bidirectional transport of nuclei in hyp7 cells
We propose that UNC-83 functions at the surface of the nucleus to act as a regulator controlling the relative outputs of kinesin-1 and dynein. This would allow migrating nuclei in hyp7 cells to switch directions and avoid obstacles, ensuring a more efficient migration. If you knock out this function, by blocking the ability of UNC-83 to interact with dynein, most nuclei would still migrate normally. However, occasionally a nucleus could get stuck at a microtubule intersection or some other block, disrupting nuclear migration. This model fits with the phenotypic analysis of dynein regulators reported here. Furthermore, this model would predict that the kinesin-1 and dynein double mutant phenotype would not be worse than the kinesin-1 mutant phenotype alone. Unfortunately, we were unable to determine the effects of impairing both kinesin-1 and dynein on hyp7 nuclear migration because klc-2(km11);nud-2(ok949) double mutants were embryonic lethal (data not shown).
Most cargos of microtubule motors appear to be moving unidirectionally but upon closer examination actually display short runs in both directions (Welte, 2004) . Such bidirectional movement could allow the nucleus to switch microtubule tracks, avoid obstacles, or correct errors (Welte, 2004) . For example, the larger, flexible step size of dynein could allow the nucleus to move past a microtubule intersection (Ross et al., 2008) . Bidirectional movement might not always be essential but would be used to ensure 100% efficiency of the movement. The coupling of kinesin and dynein activity on a single cargo has been observed during lipid droplet transport in Drosophila embryogenesis (Shubeita et al., 2008) . Measured stall forces of lipid droplets in vivo indicate that in kinesin mutants the minus-end directed stall force is also reduced; suggesting dynein activity is impaired in these mutants. During axonal transport, inhibition of dynein prevents proper transport of organelles in both directions (Martin et al., 1999) , which supports the hypothesis that kinesin and dynein are interdependent on each other during bidirectional transport. These examples suggest that kinesin and dynein function together during bidirectional transport and inhibition of one motor may have unforeseen adverse affects on the other.
Our model of hyp7 nuclear migration in C. elegans is an excellent system to tease apart the relative contributions of dynein and kinesin-1 in a movement of a cargo. During hyp7 nuclear migration, it is thought that microtubules form bundles with their plus ends at the growing end of the cell; nuclei then migrate toward the plus end (Meyerzon et al., 2009; Williams-Masson et al., 1998) . In this model, kinesin would supply the major force to move nuclei while dynein would act as a regulator. UNC-83 is ideally located on the outer surface of the nucleus to act as a cargo adaptor and to coordinate interactions between microtubule motors and the nucleus. As suggested by our functional deletion analysis of UNC-83 (Fig. 8) , UNC-83 can interact with both dynein and kinesin-1 complexes at the same time. Thus, this is the first report showing that a single cargo adaptor at the surface of the nucleus interacts with both kinesin-1 and dynein. Also, this is the first report demonstrating that both kinein-1 and dynein function together during a nuclear migration event in metazoans. The cytoplasmic domain of UNC-83 (green) extends into the cytoplasm where it interacts with kinesin-1 through KLC-2 (dark blue). The motor activity of UNC-116 (light blue) moves hyp7 nuclei toward the plus ends of microtubules (yellow). UNC-83 also interacts with two dynein-regulating complexes, one consisting of NUD-2 and LIS-1 (shades of purple) and the other containing DLC-1, EGAL-1, and BICD-1 (shades of pink). These two complexes recruit the minus-end directed microtubule motor dynein to the nuclear envelope. We propose that dynein regulates nuclear migration, perhaps through kinesin-1. (B, C) Alternative models for interactions between the dyneinregulating complexes.
